The genetically-encoded fluorescent proteins (FPs) are powerful tools for imaging in biology[@b1]. The prototypical green fluorescent protein (GFP) from the jellyfish *Aequorea Victoria* consists of an 11-stranded β-barrel surrounding the 4-(p-hydroxybenzylidene)imidazolidin-5-one chromophore, which is formed autocatalytically[@b1]. The red fluorescent protein (DsRed) from coral *Discosoma sp.*[@b2] has a similar structure, but the chromophore is extended by a π-conjugated acylamine tail[@b1], producing red-shifted absorption and fluorescence. DsRed and its monomeric mFruits variants[@b3][@b4] are advantageous for deeper imaging because of better red light penetration through biological tissues. Unfortunately, the RFPs suffer from rapid photobleaching[@b3][@b4]. The corresponding rates strongly depend on chromophore environment[@b3][@b4], and the mutations around the chromophore can result in improved photostability[@b5].

There is growing evidence that the key process of first, reversible step of photobleaching in different FPs is the *cis-trans* isomerization of the chromophore in the excited state, involving rotation around imidazolinone exocyclic bond (I-bond)[@b6]. In addition to I-bond isomerization, the rotation around phenyl (P-) bond can also be very efficient (sometimes barrierless and on picosecond timescale) in the isolated chromophore[@b7][@b8][@b9][@b10][@b11][@b12][@b13][@b14]. In DsRed and mFruits, fast reversible bleaching observed in bulk experiments[@b15][@b16], fluorescence correlation[@b17][@b18][@b19][@b20], and single molecule spectroscopy[@b20][@b21] were also attributed to the conformational transformations of chromophore.

It is clear that the protein matrix inhibits the otherwise very fast (picosecond) I- or P-rotations in the excited state[@b22], but the fundamental question of how this is accomplished, through steric hindrance or by controlling the electronic structure of the chromophore exocyclic bonds remains unanswered[@b23].

Demachy and co-authors[@b24] considered the steric hindrance effects on the rotational motion of the indole group of the cyan fluorescence protein (ECFP) chromophore by using molecular mechanics (MM) simulations, and found that two non-polar residues (Ile167 and Val150) in a close proximity to the chromophore strongly limit its rotational freedom by short-range van der Waals repulsion. Maddalo and Zimmer[@b25] calculated the equilibrium (static) values of P- and I-twisting angles in the ground electronic state of 38 different variants of GFP proteins using force field MM (with freely rotating P- and I-bonds in the absence of protein) and compared them to the corresponding experimental crystallographic data. Neither P- nor I-rotation calculated angles show any correlation with the measured ones. These studies suggest that although in some cases (such as ECFP with the bulky indole group in the chromophore) the steric and electrostatic force field effects are important; in others (like GFP family with smaller phenyl group) these effects are not dominant.

An alternative explanation, based on electronic effects, has been proposed[@b12][@b13][@b23][@b26]. The electrons are π-conjugated along the whole length of the chromophore. If the alternation of single and double bonds is definite, as in the neutral form of the GFP chromophore, the rotation will preferentially occur around single bond[@b7][@b8][@b13]. However, in the anionic form of the chromophore each bond in the bridge region has an intermediate order whose particular value can vary in response to local electric field of a particular mutant[@b27]. The rotation around one of the bonds would be less restricted if the bond character is closer to 1 and vice versa[@b8][@b12][@b13][@b23][@b26], which means that the BLA between the P- and I-bonds in the excited state would be a controlling factor in selecting particular rotation coordinate and photoreaction rate. Using the apt expression of Olsen, Lamothe, and Martinez[@b13], "The isolated anion chromophore lies on the "razor\'s edge" between I-bond and P-bond torsion, allowing relatively minor environment and/or dynamical effects to tune between the two outcomes".

There is an experimentally accessible parameter which reflects the environment-mediated variations of the BLA. This is the difference between the permanent dipole moments of the chromophore in the ground and excited states, Δμ. We have recently developed a purely optical method of measurement of this parameter, which uses the unique dependence of the two-photon absorption cross section on Δμ[@b28][@b29]. Here we show the strong correlation of the rate constant of the first, reversible step of photobleaching with the Δμ value, thus presenting experimental evidence for the dominance of electronic effects in conformational dynamics of red FPs.

Results
=======

Photobleaching properties of the red FPs
----------------------------------------

To examine the role of the protein environment on the chromophore photoconversion dynamics, we selected a series of red FPs with the same chromophore, including DsRed2, its monomeric offspring mFruits, and several new chimeras (see Methods).

The photobleaching kinetics of the proteins, monitored via the red fluorescence intensity decrease, is described in most cases by at least three exponents, in qualitative agreement with previous observations[@b3][@b4][@b5][@b16]. In partially bleached sample, some of the fluorescence signal recovers if the sample rests in the dark. [Figure 1](#f1){ref-type="fig"} shows the initial stage of photobleaching of DsRed2. After continuous bleaching of 50% of the initial signal the laser was strongly attenuated to a power level that does not cause any bleaching and the dark recovery was recorded. In this experiment 40% of initial signal was recovered. Depending on the protein and the depth of initial bleaching we observed 20--96% recovery.

One can phenomenologically describe the photobleaching process with the following scheme: where *A* is the initial state, *B* is the first intermediate state which can transform back to *A* either in dark or upon illumination, *C* is the next intermediate state, etc. *R*~i~ is the rate of the corresponding reaction, which generally contains both photo-induced and dark contributions. At the low excitation power conditions used here, the rate of the forward photo-induced conversion is where *P* is the power density, *ν* is the photon frequency, *h* is the Planck\'s constant, *σ*~1~ is the one-photon absorption cross section at excitation wavelength, *φ*~p~ is the quantum yield of photoconversion, *k*~1~ is the rate constant for photoconversion, *τ* is the lifetime of the A excited state. We apply the method of initial rates which provides *R*~1~ as the derivative of the normalized kinetic curve at the initial stage, see [Fig. 1](#f1){ref-type="fig"}.

For each protein we measured the dependence of *R*~1~ on incident power density ([Fig 2](#f2){ref-type="fig"}). All of the dependences are linear, indicating that there is no saturation and only one-photon absorption process is involved. The *φ*~p~ values can be derived from linear regressions, since the σ~1~ are known ([Supplementary Table](#s1){ref-type="supplementary-material"}). Finally, the monomolecular rates *k*~1~ = *φ*~p~/τ were calculated ([Supplementary Table](#s1){ref-type="supplementary-material"}). The *k*~1~ values vary remarkably (\~40 times) throughout the series, suggesting crucial role of protein environment.

Two-form two-state model. Relation between Δμ and BLA
-----------------------------------------------------

To correlate the bond length alternation between the P- and I-bonds with Δμ, we consider a simple two-form two-state (2F2S) model, previously developed for resonating charge-transfer molecules[@b30][@b31][@b32]. The model predicts that both Δ*μ* and BLA depend linearly on the weight *ρ* of form B ([Fig. 3](#f3){ref-type="fig"}): and where *BLA*~max~ is the difference between the fully single and fully double bond lengths. Similarly, in the excited state, *BLA*\* = − *BLA* = (2*ρ*−1)*BLA*~max~. Combining (3) and (4), we obtain:

For our particular problem of rotational dynamics around the exocyclic P- or I-bond of the red FP chromophore, it is reasonable to set the *BLA* parameter equal to a difference between the P- and I-bond lengths (*BLA* = *l~P~* − *l~I~*). Taking into account that the chromophore is not symmetric with respect to the bridge carbon atom, the permanent dipole difference Δ*μ* will not be zero at the so-called "cyanine" limit where *BLA* = 0, but equal to some constant value Δ*μ*~c~. With these two refinements Eq. (5) will read: Making use of the available crystallography data on several red FPs, including mStrawberry[@b33], mCherry[@b33], mPlum[@b34], and DsRed[@b35][@b36], we plot *l~P~* − *l~I~* versus Δ*μ* in [Fig. 4](#f4){ref-type="fig"}. This figure also includes two data points corresponding to the red FP chromophore in vacuum which we obtained using quantum mechanical calculations. The linear correlation between *l~P~* − *l~I~* and Δ*μ* (R = −0.89, P = 0.008) provides an experimental support for the 2F2S model. Using (6) we estimate Δ*μ*~c~ = (3.7 ± 1.2) D and *μ*~max~ = (12.6 ± 2.9) D for the red FP chromophore.

Correlation between photoconversion rate k~1~ and Δμ
----------------------------------------------------

[Figure 5](#f5){ref-type="fig"} shows the dependence of the photoconversion rate *k*~1~ on Δ*μ*. With the increase of Δ*μ*, the rate first exponentially decreases, then reaches the minimum at \~ 3 D and finally increases with about the same speed. Quite interestingly, the minimum point occurs near *BLA*\* = 0, i.e. where the two bonds lengths are similar. Indeed, in mPlum, corresponding to point number 4, *l~P~* = 1.366 Å and *l~I~* = 1.358 Å, whereas the pure single and double bond lengths would be 1.451 ÷ 1.457 Å and 1.337 ÷1.366 Å, respectively, as in 2-benzylthio-3-i-butyl-5-(2-chlorophenylmethylidene)-4H-imidazoli-4-one)[@b38] and in bare neutral GFP chromophore[@b37]. In the excited state, these bond lengths could probably slightly change, but, at least in the framework of 2F2S model, the BLA\* in mPlum and probably mCherry at pH11 (point number 5) will be still very close to zero. The effective conjugation of the P- and I-bonds locks the chromophore in planar conformation and results in slowest photoconversion rates for these proteins. On the other hand, moving away from the minimum point leads to an elongation of one of the bonds, and, respectively, to an exponential increase of rotational rate. The sign of the BLA\* (see top *x*-axis) implies that for the proteins with Δ*μ* \< 3 D the rotation around I-bond results in photoconversion, whereas for Δ*μ* \> 3.5 D, it is the rotation around P-bond.

Assuming that the rotation about either bond occurs independently, we present the rate of the first photochemical step as a sum of the two contributions each described by Arrhenius law: where *ν* is the frequency of attempts, *E* is the energy barrier for the rotation around the bond in the excited state, indexes P and I designate as before rotations around phenyl and imidazolinone exocyclic bonds, *T* is the temperature, *R* is the universal gas constant. Assuming that the barrier for rotation varies linearly with the weight of one of the forms shown in [Fig. 3](#f3){ref-type="fig"} (for justification see for example[@b39]), we can write: *E~P~ = aρ* and *E~I~ = b*(1−*ρ*), where *a* and *b* are the coefficients corresponding to the maximum possible barrier for the P- or I-bond, respectively, i.e. to the case when the corresponding bond is pure double. Substituting *ρ* from (3) into the above equations and taking into account that at *BLA* = 0, Δ*μ* = Δ*μ*~c~, we obtain: and Substituting these expressions into (7) we get where

On either side from the minimum point and not very close to it, only one term of (10) dominates, so we fitted each branch of experimental dependence shown in [Fig. 5](#f5){ref-type="fig"} with a segment of straight line and obtained the pairs of parameters *C~1~*, *K~1~* and *C~2~*, *K~2~* from the corresponding slopes and intercepts. The intersection of the two segments provides an independent estimation of Δ*μ~c~* = (3.0 ± 0.3) D, which matches within the experimental error the value found from structural data in the previous section. For a quantitative evaluation of limiting barrier heights *a*, *b*, and corresponding *μ*~max,1~and *μ*~max,2~values, we used the frequencies of the P- and I-torsional vibrations in the excited state (*ν*~P~ = 4.7×10^12^ s^−1^and *ν*~I~ = 3.8×10^12^ s^−1^), calculated theoretically for the GFP model chromophore in vacuum[@b9]. Substituting these numbers, as well as *C~1~*, *K~1~*, *C~2~*, and *K~2~* in the systems (11) and (12), we obtained *a* = (24.6 ± 3.8) kcal/mol, *b* = (24.3 ± 3.0) kcal/mol, *μ*~max,1~ = (10.4 ± 1.9) D, *μ*~max,2~ = (12.4 ± 2.2) D. Previous theoretical calculations of the excited-state potential energy of the neutral GFP chromophore (where the P-bond is purely double in the excited state) as a function of P-angle, obtained at either semiempirical[@b7] or *ab initio*[@b13] levels correlate to each other and predict the maximum barrier *a* = 30.5 kcal/mol[@b7], agreeing well with our result.

A close coincidence of *a* and *b* suggests that the limiting barriers for rotations around P- and I- double bonds are very similar. Since also *μ*~max,1~ ≈ *μ*~max,2~ we can fit the whole experimental dataset with a symmetric function containing only 3 fitting parameters: *A =* *ν* exp(−*E*~max~/2*RT*) , *K = E*~max~/2*μ*~max~*RT*, and Δ*μ*~c~, where *ν* is an effective frequency of vibrations, *E*~max~ is a maximum barrier height for rotation around the double bond. This approach better describes the region around Δ*μ*~c~, where two terms in (10) are similar. The result of the fitting is shown in [Fig. 5](#f5){ref-type="fig"}. The following parameters were obtained: *A* = 2.51×10^3^ s^−1^, *K* = 1.89 D^−1^, Δ*μ*~c~ = 2.9 D. Defining *ν* = (*ν*~P~ + *ν*~I~)/2 = 4.25×10^12^ s^−1^, we obtain *E*~max~ = (24 ± 1) kcal/mol and *μ*~max~ = (11 ± 3) D, which are both in good agreement with the results of independent fitting of the right and left branches.

With these parameters in hand, we have estimated, using Eqs. (8) and (9), the barriers for rotations around P- and I-bonds for all the proteins in the excited state (see [Supplementary Table](#s1){ref-type="supplementary-material"}). These values fall in the range between 9.8 kcal/mol and 14.4 kcal/mol.

Discussion
==========

Olsen and Smith[@b11] have recently calculated the structures and excited-state potential energy profiles for P- and I-rotations of the flat red FP chromophore in vacuum. They have shown that the rotation around the I-bond in the excited state encounters a potential barrier of 12.8 kcal/mol (using MRPT2 method) or 17 kcal/mol (using SA-CASSCF method). Using Δμ = 5.96 D for flat chromophore in vacuum ([Fig. 4](#f4){ref-type="fig"}) and our experimental parameters, we estimate, according to (9), *E~I~* = 15.4 kcal/mol, which agrees well with theoretical predictions.

The good agreement of our experimental barriers (for both I- and P-rotations) with the high-level quantum-mechanical simulations strongly suggests that the first step of photobleaching consists in (either I- or P-bond) photoisomerization process and that the protein surrounding governs the twisting dynamics mainly by electronic effects. Alternatively, possible steric clashing of phenolate ring with the Ile161 residue upon rotation about the I-bond was discussed for DsRed[@b40] and mCherry[@b41]. If the chromophore is pushed to the *trans* conformation without adjusting the rest of local structure, the two groups would come into the spatially forbidden contact. Our experimental results show that the chromophore in mTangerine, mStrawberry, and mCherry undergoes a rotation around the I-bond in the excited state. All three proteins have Ile161, yet the photoconversion rate varies by an order of magnitude in the series, indicating that steric hindrance is not the main factor. (This is also consistent with the experimentally observed *cis-trans* isomerization in DsRed[@b15]). In fact, the potential energy for the rotation peaks near 90°[@b11], where the van der Waals contact is not yet reached. In this case the barrier height would be still determined by electronic effects.

Interestingly, a similar conclusion about electronic effects has been drawn recently[@b42] in a very different experimental approach where a large number of donor/acceptor substituted analogs of GFP chromophore were encapsulated in the so-called "octaacid" nanocavity, mimicking the β-barrel. It was shown that the substituent donating/withdrawing strength that tunes the resonance of the chromophore similarly to the effect of local field in proteins, strongly dominates the steric effects in controlling fluorescence efficiency. However, we note that for the red FPs considered here, rotations around either P- or I-bond in the excited state cannot compete with the radiative transition, because photoconversion rates are much less than 10^9^ s^−1^ ([Fig. 5](#f5){ref-type="fig"}). This would be possible only if the barriers for the I- or P-rotation were less than 4 ÷ 5 kcal/mol (cf. eq. (7)), which is indeed the case for a number of non-fluorescent GFP chromophore analogs in vacuum or non-protein environment (where either E~I~ or E~P~ \< 5 kcal/mol[@b7][@b8][@b9][@b10][@b11][@b12][@b13][@b14][@b43][@b44] ).

Therefore we conclude that the protein-modulated electronic structure of the chromophore, namely the BLA in the bridge region, is the main factor in selecting the bond for rotation as well as the rotation speed. The isomerization in the excited state provides the *trans*-isomer in the case or I-rotation or \~90°-twisted conformer in the case of P-rotation. Whereas the first is quasi-stable in its ground state (seconds -- minutes) even in vacuum[@b11], the second is unstable in vacuum[@b11], but is probably stabilized by protein matrix[@b10] even more than the flat conformer due to the strong electrostatic and hydrogen bonding interactions of electronic density shifted to phenolate[@b11] with nearby residues and water molecules[@b34].

The fluorescent proteins are unique in biology: a monolithic β-barrel encapsulates and controls an otherwise wobbly chromophore. The linear and nonlinear absorption provides us with a window into how electrostatics within the protein can control conformational changes of the chromophore, and while the opportunity to observe this effect is uniquely presented in fluorescent proteins, it is possible that the same mechanism may control the folding, structure, and function of many different proteins.

Methods
=======

Expression and purification of new RFP chimeras
-----------------------------------------------

Two portions of each of the Fruits and DsRed2 were amplified with PCR. The first portion contained the coding region from the start codon through to the 99th codon. The second portion extended from 94th codon to the termination. The overlapping 5 codons was used to join the various coding regions and clone the resulting chimera in pCP using a ligation-independent joining reaction (In Fusion, Clontech). pCP is a constitutive E. coli expression plasmid that appends a His tag to the N-terminus for purification. The proteins were purified using nickel affinity columns (Macherey-Nagel). The sequences and plasmids are freely available for research use at Addgene[@b45].

Photophysical characterization of proteins
------------------------------------------

Absorption spectra, fluorescence spectra, and excitation spectra of new FP mutants were measured and corrected as described before[@b46]. The fluorescence quantum yields were measured relatively to Rhodamine B in methanol[@b46]. Fluorescence lifetime was measured with a synchroscan streak camera (C5680-21, Hamamatsu) with 15-ps time resolution[@b46].

Maximum extinction coefficient of all proteins was measured by using a gradual alkaline denaturation method, similarly to ref.[@b47]. The absorption spectral changes were monitored upon gradual titration of a protein solution with 1N NaOH. The extinction coefficient of the native FP form was obtained by selecting the linear part of the dependence of its peak optical density versus the optical density at 450 nm, corresponding to the anionic green FP chromophore in denatured form, for which ε~max~ = 44,000 M^−1^ cm^−1^[@b48]. If green immature form was also present, then its contribution to the denatured form as well as partial transformation of the red form to the green form was taken into account. The contributions of the red and green forms at 450 nm were also taken into account.

Evaluation of permanent dipole moments change
---------------------------------------------

The 2PA spectra of DsRed2 and mFruits were published[@b46] and those of new chimeras were obtained as described previously[@b46]. These spectra were then fitted with a sum of two one-photon excitation spectra[@b29]. The first corresponds to the independently measured excitation spectrum, whose amplitude was varied. The second corresponds to a blue-shifted experimental excitation profile whose shift and amplitude were varied. The amplitude of the first excitation profile was used as a two-photon absorption cross section value (see [Supplementary Fig. 1](#s1){ref-type="supplementary-material"}) in calculation of Δμ, according to the formula[@b28][@b29]: where *c* is the speed of light, *N~A~*is the Avogadro\'s number, *n* is the refraction index of water, *F* = (*n*^2^+2)/3 is the Lorentz local field factor, is the frequency (in cm^−1^) of the maximum one-photon absorption, is the maximum extinction coefficient.

Measurements of photobleaching kinetics
---------------------------------------

Photobleaching kinetics were measured under continuous wave irradiation of the buffer solutions of purified proteins with Nd:YVO~4~ laser (Verdi, Coherent, 532 nm) and simultaneous detection of fluorescence signal at 90° with a A601f-2 CCD camera (Basler, Germany) through a 75-mm objective and a long-pass red filter transmitting λ \> 690 nm. The whole volume of the solution (40 μl) contained in a fluorometer sub-micro cell (Starna Cells, Inc.. Atascadero, CA) was irradiated with a uniform photon flux which was attained by expanding the laser beam with a telescope to a cross-section larger than the cell input window. This geometry also ascertained the absence of diffusion contribution to the observed kinetics. The optical density of the samples at 532 nm was kept lower than 0.05 to provide constant excitation intensity along the 1-cm optical path of the laser. The operation of the camera and acquisition of fluorescence signal were computer-controlled with a LabView program. We have checked that a reference solution of Rhodamine 6G in dimethylformamide showed a single exponential photobleaching kinetics under these conditions (see [Supplementary Fig. 2](#s1){ref-type="supplementary-material"}).

Quantum-chemical calculations
-----------------------------

The structure of the "twisted" RFP chromophore (phenol ring being twisted and tilted out of coplanarity (\~16°) with the imidazolinone ring) in vacuum was obtained by partial geometry optimization using Gaussian 09[@b49] and the B3LYP/6-311++G(d,p) density functional and basis set. Angles and dihedrals involving the positioning of the phenol ring relative to the imidazolinone ring were frozen. The "flat" red FP chromophore model was generated by completely removing the angle and dihedral constraints placed on the phenol ring and its connection to the imidazolinone ring and performing geometry optimization as outlined above. The partially optimized "twisted" and "flat" structures were then analyzed using the INDO/S2-CIS method and the S0\--\>S1 Δµ values were obtained for these two models. The INDO/S2-CIS method used is a version that was provided by the original developer, Prof. Michael Zerner to Prof. Callis in 1980[@b50]. In practice, calculations use INDO/1 one-electron integrals, Mataga-Nishimoto electron repulsion parameters and interaction scaling factors fσ = 1.267 and fπ = 0.585. The CI included 196 singly excited configurations generated from the 14 highest filled MOs and the lowest empty MOs, with no energy selection.
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![Photobleaching kinetics of DsRed2 under continuous wave laser irradiation (532 nm, P = 1.1 W/cm^2^).\
After 85 s of bleaching, the laser was strongly attenuated (to P = 0.03 W/cm^2^) and the dark recovery of signal was monitored. Red line shows the linear regression to the initial part of the bleaching. Inset shows a magnified part of the initial stage of the kinetics.](srep00688-f1){#f1}

![Dependence of the initial slope of photobleaching kinetics on the laser power density for a series of red fluorescent proteins.](srep00688-f2){#f2}

![Two-form two-state model of optical transitions in red FP chromophore.\
Only two electronic states, ground (S~0~) and excited (S~1~), are considered. The chromophore in the ground state is presented as a linear combination of the two limiting resonating forms, A and B, bottom. The A form (with wavefunction Ψ~Α~) represents the situation where the charge is fully localized on the acylamine oxygen, and the B form (Ψ~B~) -- where it is localized on phenolic oxygen. The chromophore wavefunction in the ground state Ψ*~G~* is: Ψ*~G~* = (1−*ρ*)^1/2^ Ψ~A~ + (*ρ*)^1/2^ Ψ~B~, where *ρ* is the relative weight of form B. The parameter *ρ* can be gradually tuned by applying different local electric field ***E*** to the chromophore (i.e. by varying local electrostatic environment in the series of proteins). The model further assumes that upon optical excitation the two limiting resonating forms transform to each other (Ψ~A~ → Ψ~B~ and Ψ~B~ → Ψ~A~), implying that each of the forms undergoes a complete charge transfer. The excited state is then represented by (top): Ψ*~E~* = (*ρ*)^1/2^ Ψ~A~ − (1−*ρ*)^1/2^ Ψ~B~. If Ψ~A~ and Ψ~B~ are orthonormal, (see[@b30][@b31][@b32]), one can easily show that depends linearly on *ρ*: Δ*μ* = (1−2*ρ*)*μ*~max~, where .](srep00688-f3){#f3}

![Dependence of the difference between the P- and I-bond lengths on the change of permanent dipole moment (Δμ).\
Circles represent experimental data points. The square symbol represents the quantum-mechanically calculated chromophore with the ground-state optimized (almost flat) geometry in vacuum. The star symbol represents the optimized geometry with the dihedral angle between phenol and imidazolinone rings constrained at 16°. The horizontal black dashed line corresponds to the "cyanine" limit where *BLA* = 0. The horizontal red dashed line shows the maximum possible *BLA* (*l~P~* − *l~I~* = 0.091 Å), corresponding to the neutral GFP chromophore[@b37] where the P- and the I-bonds are basically single and double, respectively.](srep00688-f4){#f4}

![Dependence of the rate of first photobleaching step on the change of permanent dipole moment.\
The points numbering corresponds to, in increasing order, mTangerine, mStrawberry, mCherry, mPlum, mCherry at pH11, mTangerine/mCherry chimera, DsRed2, mStrawberry at pH 11, mBanana/mTangerine chimera, mStrawberry/DsRed2 chimera, mBanana, tdTomato/DsRed2 chimera, and mCherry/tdTomato chimera. The top *x*-axis represents the BLA parameter in the excited state, i.e. same as in [Fig. 4](#f4){ref-type="fig"}, but with opposite sign. The insets show the frequency of attempts (ν)[@b9], maximum possible barrier height (*a* or *b*) and maximum possible change of permanent dipole moment (μ~max~), obtained from separate independent fits (red dashed lines) of the left and right branch of the dependence to Arrhenius law (see text). The continuous blue line shows the best fit of data to Eq. (13).](srep00688-f5){#f5}
